Abstract-The integration of unmanned aerial vehicles (UAVs) and millimeter wave (mmWave) wireless systems has been recently proposed to provide high data rate aerial links for next generation wireless networks. However, establishing UAVbased mmWave links is quite challenging due to the random fluctuations of hovering UAVs which can induce antenna gain mismatch between transmitter and receiver. To assess the benefit of UAV-based mmWave links, in this paper, tractable, closedform statistical channel models are derived for three UAV communication scenarios: (i) a direct UAV-to-UAV link, (ii) an aerial relay link in which source, relay, and destination are hovering UAVs, and (iii) a relay link in which a hovering UAV connects a ground source to a ground destination. The accuracy of the derived analytical expressions is corroborated by performing Monte-Carlo simulations. Numerical results are then used to study the effect of antenna directivity gain under different channel conditions for establishing reliable UAV-based mmWave links in terms of achieving minimum outage probability. It is shown that the performance of such links is largely dependent on the random fluctuations of hovering UAVs. Moreover, higher antenna directivity gains achieve better performance at low SNR regime. Nevertheless, at the high SNR regime, lower antenna directivity gains result in a more reliable communication link. The developed results can therefore be applied as a benchmark for finding the optimal antenna directivity gain of UAVs under the different levels of instability without resorting to time-consuming simulations.
I. INTRODUCTION Unmanned aerial vehicles (UAVs) are seen as an important feature of next-generation wireless cellular systems [1] [2] [3] . Due to their unique capabilities such as maneuverability, flexibility, and adaptive altitude adjustment, UAVs are able to be used in different situations, especially they can use as aerial base-stations (BSs) to provide the ubiquitous connectivity for the next generation of wireless networks [4] , [5] . As seen in Fig. 1 , cellular networks can be equipped with UAVs as flying BSs or mobile relay backhaul nodes which effectively enhance the coverage of heterogeneous networks. UAVs can also be seen as prime candidates to support mmWave communications. Owing to the small wavelength at mmWave frequency, the integration of beam-steerable directive antenna arrays on a small UAV with limited payload is a promising solution to provide high-capacity communication links as discussed in [6] and [7] . Indeed, in order to fully exploit the benefit of mmWave frequencies, the receiver must be placed within the line-of-sight (LoS) of the transmitter [8] . Due to the impracticality of establishing long LoS links, especially in
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Main-lobe of directional beam Side-lobe of directional beam dense urban environments, UAVs equipped with mmWave capabilities are able to provide on-the-fly communications and establish reliable LoS links between each other and also the ground station [9] .
However, to reap the benefits of mmWave-enabled UAV communications, the communication channel for airborne mmWave links should be distinctively characterized in terms of a UAV's random vibrations due to hovering fluctuations and also mmWave propagation characteristics. Moreover, due to the directionality of the mmWave transmit pattern, UAV-based mmWave communication systems suffer from misalignment between transceivers [10] . In particular, random vibrations of UAVs can lead to antenna gain mismatch between transmitter and receiver which, in turn, can cause signal-to-noise ratio (SNR) fluctuations at the receiver side that can significantly degrade the reliability of the system. To avoid possible gain mismatch between transceivers and have a reliable mmWave UAV link under different levels of UAV fluctuations, the antenna radiation pattern of transceivers should be optimally designed. In fact, optimizing the radiation pattern requires balancing an inherent tradeoff between increasing directional gain to compensate for the large path loss at mmWave frequencies and decreasing it to alleviate the adverse effect of transceivers vibrations. Therefore, to quantify the benefits of arXiv:1905.01477v1 [eess.SP] 4 May 2019 using mmWave frequencies for UAV-based communication systems, it is essential to have an accurate channel modeling that incorporates the effect of path loss and fading of mmWave signals along with the effect of UAV fluctuations on directional antenna.
A. Literature Review
There has been a surge of recent works on the use of UAVs for communications [11] [12] [13] [14] [15] . To assess the benefits of UAV deployment at mmWave frequencies, it is important to have a comprehensive and accurate channel model while taking into account mmWave signal propagation as well as the random effect of hovering fluctuations. For instance, even though channel modeling in the context of UAV communications has been discussed in recent studies [16] [17] [18] , these prior works are restricted to sub-6 GHz bands whose results cannot directly extended to mmWave systems. Meanwhile, most of the prior art on mmWave communications [19] [20] [21] [22] does not address the presence of UAVs, with the exception of a few recent works in [23] [24] [25] [26] [27] [28] [29] .
For instance, in [23] , the authors propose a ray tracing approach to characterize the mmWave propagation channel for an air-to-ground link at 28 GHz and 60 GHz. Meanwhile, the work in [24] studies the small scale temporal and spatial characteristics of mmWave air-to-ground LoS propagation channels at 28 GHz under different conditions. However, the authors in [24] assumed half-wave dipole antennas with an omni-directional pattern and, hence, their approach does not properly capture the UAV fluctuation effects. The work in [25] analyzes the characteristics of directional mmWave wireless channel propagation characteristics for UAV cellular networks by considering the Doppler effect as a result of UAV movement. In [26] , the authors propose a novel threedimensional model for UAV-based mmWave communication that captures the high directionality of transmissions as well as the UAV random heights. In [27] , the authors introduce an analytical framework for non-orthogonal multiple-access transmission at UAV-based BS to serve more users simultaneously in a hot spot area such as a football stadium. However, the proposed channel models in [25] [26] [27] are only applicable for a link between users and a perfectly stable UAV. In [28] , the authors use stochastic geometry to study directional UAVbased mmWave backhaul links operating at 73 GHz and then, compare their performance with an LTE backhaul operating at 2 GHz. For simplicity, in [28] , the antenna pattern is approximated by a rectangular radiation pattern. In [29] , the authors propose a flexible UAV-assisted backhaul link that takes into account the dynamic blockage of mmWave links. However, the works in [28] , [29] ignore the random fluctuations of UAVs and assume a perfect beam alignment between transceivers. Obviously, because of the random fluctuations as well as strict payload limitations for employing antenna stabilizers, careful alignment is not practically feasible in aerial links (particularly, for small multi-rotor UAVs) which leads to an unreliable communication system due to antenna gain mismatch between transceivers [9] , [30] .
B. Major Contributions and Novelty
The main contribution of this paper is to derive analytical channel models for UAV-based mmWave links while taking into account the unique characteristics of mmWave links along with the effects of UAV random vibrations and orientation fluctuations. To this end, we assume a uniform linear array (ULA) of antennas operating at mmWave frequencies that are mounted on each UAV. We then consider three important UAV-based mmWave communication links: (i) a direct UAVto-UAV link (called U2U link); (ii) an aerial relay link (called U2U2U link) in which source, relay, and destination are hovering UAVs; and (iii) a relay link (called G2U2G link) in which a hovering UAV connects the ground source to the ground destination. Given these three types of links, the main contributions of this work include:
• We analytically derive an accurate channel model for U2U links that explicitly factors in the random vibrations of the transceivers and the unique characteristics of signal propagation at the mmWave band. We also derive a closed-form expression for the outage probability of a U2U mmWave link.
• Then, given the accurate and tractable U2U channel model that we derived, we consider an amplify-andforward (AF) single relay for two conventional scenarios, i.e., the U2U2U link, and the G2U2G link. For two considered relaying scenarios, we derive the closed-form expressions for the end-to-end SNR at the destination as well as the outage probability.
• We provide simulation results to corroborate the accuracy of the derived analytical expressions and to study the effect of antenna directivity gain on the performance of the system under different channel conditions. Simulation results show that the performance of such links is largely dependent on the random fluctuations of hovering UAVs. Moreover, the results also show that higher antenna directivity gains achieve better performance at low SNR regime. In addition, we observe that, in the high SNR regime, lower antenna directivity gains result in a more reliable communication link.
• Then, based on the simulation results and under different levels of instability for the UAVs, we find the optimal antenna directivity gain that allows the establishment of a reliable links in terms of achieving minimum outage probability by balancing a tradeoff between antenna beam width and directivity gain.
The results of this paper along with the accurate analytical derivations for channel modeling can thus be applied as a benchmark for finding the optimal antenna directivity gain of UAVs under the different levels of instability without resorting to time-consuming simulations. The rest of this paper is organized as follows. In Section II, we present our system model, while in Section III we introduce channel distribution functions and outage probability analysis of the considered links. In Section IV, numerical results are provided to verify our analytical expressions and showcase the need for antenna pattern optimization. Finally, conclusions are drawn in Section V. II. SYSTEM MODEL Consider a UAV-based mmWave communication link that consists of two hovering UAVs and are used to provide a high bandwidth point-to-point link as shown in Fig. 2 . We assume that UAVs are hovering at a distance of Z from each other and are capable of performing directional beamforming by using mmWave antenna arrays to transmit the signal array patterns in the direction of z-axis. Also, the mean of the UAVs' positions are respectively located at [0, 0, 0] and [0, 0, Z] in a Cartesian coordinate system [x, y, z] ∈ R 1×3 , and are known at the transceiver (e.g., shared by transmitting periodic broadcast messages). The considered UAVs will use mechanical and control systems with pinpoint accuracy and, thus, the degree of instability of the hovering UAVs is in the order of several mrad [31] . In practice, as shown in Fig. 2b , the instantaneous orientations of the UAVs can randomly fluctuate away from their means which leads to deviations in the angle-of-departure (AoD) and angle-of-arrival (AoA) of the transmission pattern. At the transmitter side, the AoD deviations are given by θ tx and θ ty in the x − z plane and the y − z plane, respectively. At the receiver side, the AoA deviations are given by θ rx and θ ry in the x − z plane and the y − z plane, respectively. Moreover, based on the central limit theorem, the deviations of the UAVs' orientations are considered to be Gaussian distributed [30] , [32] . Therefore, we have θ i ∼ N (θ i , σ 2 i ), where θ i is the boresight direction of the antennas and i ∈ {tx, ty, rx, ry}. A summary of our notations is provided in Table I .
The transmitted pattern can be decomposed into vertical and horizontal patterns. To transmit a directional vertical pattern, a ULA consisting of N antenna element operating at mmWave frequencies is employed in which the antenna elements are uniformly arranged in a single line with spacing of λ/2. For this setup, the transmitted horizontal pattern can be assumed to be approximately constant. In Fig. 2c , a graphical representation of the considered three-dimensional radiation patterns is shown where vertical and horizontal antenna patterns are in the y − z plane and the x − z plane, respectively. Since the antenna gain in the x − z plane is approximately constant, one can reasonably neglect the effect of the orientation deviations of the aerial nodes in the x − z plane on the performance of considered system. However, due to the directional pattern shape which requires a careful alignment between transceivers, the performance of the considered system is highly dependent on the orientation deviations of the hovering UAVs in the y −z plane.
Given these assumptions, the instantaneous SINR at the receiver side will be:
where σ 2 is the normalized thermal noise power, α is the small scale fading coefficient, and h L (Z) is the path loss coefficient. Moreover in (1), ΣI = ΣI d + ΣI r , where ΣI d and ΣI r are the inter-carrier interference due to Doppler spread, and radio interference due to the other transmitters, respectively. Note that, by using high directional radio patterns at the receiver, ΣI r can be effectively eliminated [33] , [34] . Also, ΣI t is caused by Doppler spread and it is proportional to
where T s is the symbol duration,
c is the Doppler frequency shift, c = 3 × 10 8 (in m/s) is the speed of light, ν (in m/s) is the relative moving velocity, and f c (in GHz) is the carrier frequency [35] . Moreover, in [36] , it was shown that for a moving UAV with ν ≤ 10 m/s, the impact of the Doppler spread is negligible. In our setup, we assume that UAVs are hovering at a fixed position (i.e., multi-rotor UAVs or tethered balloons) and there is no relative velocity between communication nodes; therefore, there will be no Doppler spreading effect. As a result, (1) can be simplified as
Since no standardized results for UAV-based communications at mmWave bands exist, we consider the recent 3GPP report to set the path loss parameters [37] . These parameters are valid for a BS height up to 150 m and are expressed as follows:
+ min 0.03h
− min 0.044h
where h b (in m) is the average of building height of city. Also in (2), G(θ ty , θ ry ) is the instantaneous directivity gain given by [38] :
where G t (θ ty ) and G r (θ ry ) are the actual array gains of the transmitter and receiver, respectively. Moreover, from the measurement results provided in [39] , for a low altitude communication link between UAVs, Rician and Nakagami distributions were shown to be highly promising models that can be mathematically fitted into the experimentally measured data. Since the Nakagami distribution is a universal model that can capture various channel conditions, we apply it to model small-scale fading. Let α be a Nakagami random variable (RV), and, hence, ζ = α 2 will be a normalized Gamma RV given by:
where m is the Nakagami fading parameter and Γ(·) is the Gamma function [39] . In practice, a highly directional beam is used to compensate the high free-space path loss at the mmWave band. Hence, in addition to the channel fading, fluctuations in the orientation of the UAVs (due to the effect of wind, mechanical and control system flaws, antenna and BS payload, etc.) can lead to beam misalignment and adversely affect the link performance and channel capacity. To capture these effects, we define the outage capacity, i.e., the probability with which the instantaneous capacity falls bellow a certain threshold C th , as the figure of merit to determine the reliability of the considered UAV-based communication system. The outage capacity can be defined as follows:
where F x (x) is the cumulative distribution function (CDF) of RV x, γ is the instantaneous SNR, and γ th = 2 Cth − 1 is the SNR threshold.
From (2), it can observe that the instantaneous SNR is composed of the deterministic loss parameter h L , and several random variables, i.e., the small-scale fading coefficient α, the AoD deviations θ ty , and the AoA deviations θ ry . In the next section, for the considered UAV-based mmWave communication scenarios, our aim is to derive the closedform expressions of the SNR distribution at the receiver which can be used for easily evaluating the performance of hovering UAV-based mmWave links without performing timeconsuming simulations. 
III. CHANNEL DISTRIBUTION FUNCTION
Next, we first develop a channel model for the U2U link. Then, we proceed to determine the end-to-end SNR for a network consisting of an aerial relay node (i.e., U2U2U & G2U2G links).
A. U2U Link
Here, we derive a closed-form expression for the probability density function (PDF) for the SNR of the considered U2U link. In Fig. 3 , we show the actual array gain versus θ ty for different values of N . Clearly, for large values of N , it can be readily observed that the main lobe peak-gain is much larger than the side lobe peak-gain. Therefore, for a point-to-point link, it is reasonable to approximate the actual antenna array gain by only its main lobe. According to [38, (9) ], G t (θ ty ) (or equally G r (θ ry )) can be approximated by the following model:
otherwise.
In [38] , for analytical tractability, the value of d is set to 2. However, from Fig. 4 , d = 2.5 gives a more accurate approximation of actual array gain and, hence, we set d = 2.5. Now, by sectorizing (7), we propose a model called the sectorized-cosine model given by
where i ∈ {0, 1, ..., M − 1}. Figure 5 plots the sectorizedcosine model versus θ ty for M = 5 and 10. Obviously, the accuracy of the proposed model increases by increasing M at the cost of more complexity. Hence, choosing an optimal value for M involves a tradeoff between tolerable complexity and desirable accuracy. This tradeoff is thoroughly studied in Section IV.
Theorem 1. For considered UAV-based mmWave communication links, the closed-form expressions for the PDF and CDF of the instantaneous SNR at the receiver are derived respectively as:
and
where
and Q(·) is the Q-function, and V(·, ·) is the incomplete Gamma function [40, (8. 350.1) ]. Proof: To present (8) in a more tractable manner, we can rewrite it as follows:
where Π(x) = 1 for |x| ≤ 1 0 for |x| > 1 . As mentioned in Section II, θ m denotes the instantaneous orientations of UAVs (or equivalently the instantaneous orientations of antennas mounted on UAVs) and follows a Gaussian distribution θ m ∼ N (θ m , σ 2 m ) where m ∈ {ty, ry}. Hence, the PDF of G ty (θ ty , M ) will be given by:
, where
and δ(·) is the Dirac delta function. Note that, the PDF of RV G ry (θ ry , M ) can be obtained similar to (16) by replacing subscript ty with ry. From (4) and (16), the PDF of directivity gain G(θ ty , θ ry ) conditioned on the transmitter array gain can be given as:
.
By using (16) and (18), the closed-form expression for the PDF of directivity gain G is derived as
. (20) Finally, from (2), (5) and (19), the PDF of RV γ is obtained from
Moreover, from [40, (3.381.1)], the CDF of RV γ can be obtained as (10) . We note that the accuracy of the derived analytical expressions depends on the variable M that is used for the approximation of antenna pattern. By increasing M , the accuracy improves at the expense of more complexity. Hence, the optimal value of M should satisfy a predefined accuracy as well as a tolerable complexity. As seen later, M = 20 is a good choice and achieves the analytical results close to the simulation results. Also from (9) and (10), the system performance metrics for an U2U link, e.g., channel capacity, outage probability, and bit error rate can be analytically developed without resorting to time-consuming simulations.
B. U2U2U Link
Next, we consider an aerial relay-assisted communication system in which an aerial node relays transmitted signal from the aerial source node to the aerial destination node. The relay node has two antennas: 1) a directional receive antenna tilted towards the source node with the antenna array gain G r1 ; and 2) a directional transmit antenna tilted towards the destination node with the antenna array gain G r2 . Let G s and G d be the antenna array gain of source and destination, respectively. Furthermore, let G sr and G dr be the directivity gain of sourceto-relay and relay-to-destination, respectively. We also define θ s , θ d , θ rs , and θ rd as the instantaneous orientation deviations of source, destination, relay to source, and relay to destination, respectively. Theorem 2. For the considered U2U2U link, assuming a fixed gain AF relaying scheme 1 , the analytical expressions for the PDF of end-to-end SNR at the destination node is given as
and for n ∈ {s,d,R}, the coefficient A ni is obtained from (13) by replacing θ n and σ n with θ ty and σ ty , respectively.
Proof: As shown in Fig. 6a , in practice, the orientation deviations of an aerial relay with respect to the source and destination nodes are symmetrical, therefore θ rs = θ rd = 1 A fixed gain AF relaying system is a relatively simple protocol in which the relay nodes only amplify the source signal with a fixed gain and forward it to the destination without performing any decoding process. For AF relaying, the relay nodes do not require instantaneous channel state information to control the gain of its amplifiers [41] . Due to its simplicity, it is suitable for UAV relaying protocol.
Thus, the PDF of directivity gain of source-to-relay and relay-to-destination conditioned on G r can be obtained as
, where the subscript n ∈ {s,d} denotes, respectively, the source-to-relay and relay-to-destination links, and A ni is obtained from (13) by replacing θ n and σ n with θ ty and σ ty , respectively. Also, we have
, where A Ri is obtained from (13) by replacing θ r and σ r with θ ty and σ ty , respectively. Assuming a fixed gain AF relaying scheme, the end-to-end SNR can be obtained from [42] 
represent the SNR at the relay node and destination node, respectively. Moreover, ζ s and ζ d denote the small-scale fading and Z s and Z d are the link length between source to relay and relay to destination, respectively. Using (27) , for n ∈ {s, d}, we can find the PDF of γ nr conditioned on G r , as follows:
2.5 . Now, from (29) and (30), for γ dr > γ sd , the PDF of γ sd conditioned on γ dr and G r is obtained as 
and Pr{·} represents the probability of the event. Finally, from (28), (30), and (31), the PDF of γ sd is obtained in (23) .
From (23), the system performance metrics for a U2U2U link, e.g., channel capacity, and bit error rate can be analytically characterized without resorting to time-consuming simulations. Note that the outage probability is obtained by studying the behavior of F γsd (γ sd ) for the lower values of γ sd . In the following, we derive a simpler closed-form expression for the proposed channel model that is valid for calculating the outage probability. Proposition 1. For the considered U2U2U link, the analytical expressions for the CDF of end-to-end SNR at the destination is given by:
Proof: By using the upper bound approximation given in [43] , we can approximate γ sd close to the origin as γ sd min γ sr , γ dr .
According to (33) , the CDF of γ sd conditioned on G r can be obtained as
From (30) and (34) and using [40, (3. 381.1)], we have
where for n ∈ {s, d},
Finally, from (28), (35) and (36), the CDF of γ sd is derived in (32) . From the simpler expression for the CDF of the end-toend SNR of a U2U2U link provided in (32), the outage probability for such link can be analytically developed without simulations.
C. G2U2G Link
An shown in Fig. 7 , G2U2G link is a special case of an aerial relay-assisted communication system for which source and destination are ground nodes. Next, the PDF and the CDF of the instantaneous SNR of the G2U2G link are derived. Proposition 2. For the considered G2U2G link, the analytical expressions for the PDF and the CDF of end-to-end SNR at the destination are respectively given by:
2.5 and G p,q m,n is the Meijer's G-function [40] .
Proof: In the G2U2G link, as shown in Fig. 6b , it is reasonable to assume that the ground nodes are firmly fixed, and, hence, their slight vibrations can be ignored. Given this assumption and from (7), we have (2) and similar to the derivations of [44, Appendix A and D], when Z 1 = Z 2 = Z, the PDF of γ sd conditioned on G r is obtained as
Finally, we have
2.5 . Moreover, employing [40, (7.811.2)], the CDF of γ sd is derived in (38) .
From (37) and (38), the system performance metrics for a G2U2G link, e.g., channel capacity, outage probability, and bit error rate can be tractably characterized.
IV. SIMULATION RESULTS AND ANALYSIS
For evaluation, we perform Monte Carlo simulations with over 50 × 10 6 independent runs. We corroborate the accuracy of the derived channel model expressions for different values of the parameters related to orientation deviations. We also evaluate the performance in terms of the outage probability.
For our simulations, we consider the UAVs to have the same standard deviation of AoA and AoD fluctuations, i.e., for the U2U link consist of two hovering UAVs, we have σ ty = σ ry and for the U2U2U link, we have σ s = σ d = σ r . In the case of the U2U2U link, the link length between the source node to the relay node is assumed to be equal to the link length between the relay node to the destination node. We consider standard values for other system parameters, as follows. The link length Z = 500 m, carrier frequency f c = 60 GHz, average building height h b = 25 m, normalized thermal noise power σ 2 = 30 dBm, Nakagami fading parameter m = 3, and SNR threshold γ th = 10 dB.
A. Accuracy of the Derived Channel Models
In Figs. 8 and 9 , we show, respectively, the channel distribution of the U2U link and the U2U2U link under the orientations deviations for aerial nodes. To assess the effect of the antenna pattern on the distribution of SNR at the receiver side, results are provided for the different numbers of antenna elements N . From these two figures, we can observe that, by increasing the number of antenna elements, the values of the SNR at the receiver will vary within a wider range. Clearly, by increasing the number of antenna elements, the array gain at the center of the beam (main-lobe) becomes narrower and stronger which results in higher SNR values at the cost of higher sensitivity to the beam deviations. To facilitate analysis of such systems, for both links, the SNR distributions as a function of N are captured in (9), and (23), respectively. Moreover, Figs. 8 and 9 show that the accuracy of the analytical results directly depends on the number of sectors M , and for sufficiently large values of M , an exact match between simulations and theory can be achieved. However, as we can observe from Figs. 8a and 9a, when N is small, the analytical model obtained from M = 4 is also reasonable. Also, the results of Figs. 8c and 9c indicate that, by using small values for M , the analytical analysis do not accurately capture the low values of the SNR.
B. Performance Analysis and Optimal Pattern Selection
Next, we investigate the performance of the considered systems in terms of outage probability. To demonstrate the impact of changing antenna gain on the system performance at different SNR regimes, in Fig 10, the outage probability of U2U link versus SNR for different number of antenna elements, N , is presented. From this figure, we can observe that higher values for N achieve better performance at low SNR regime. Meanwhile, in the high SNR regime, lower values of N result in a more reliable communication link. On the other hand, at high SNR values, the poor performance of the transceivers with higher directional gain (or more antenna elements) indicates that those transceivers are more vulnerable to the orientation fluctuations due to UAV vibrations. Moreover, the accuracy of the derived closed-form expression for outage probability is verified in Fig. 10 .
In Fig. 11 , we study the performance of the U2U2U link by presenting the outage probability as the values of the SNR and the number of antenna elements vary. The analytical results provided in Fig. 11 are obtained based on two different approaches. First, they are derived by substituting (23) in the integral of (6), and they perfectly match with the simulation results. Second, we provide the analytical results with acceptable accuracy by using (38) which has a simpler form than the first approach.
To shed more light on the importance of antenna pattern optimization, in Figs. 12 and 13, respectively, the outage probability of the U2U link and the outage probability of the U2U2U link versus N are shown. Fig. 12 demonstrates that increasing antenna directivity gain (by increasing the number of antenna elements, N ) does not necessarily improve the system performance. This is expected, since increasing the antenna directivity gain results in a narrower main lobe which makes the link performance more prone to instantaneous vibrations of UAVs.
Furthermore, from Fig. 12 , we can observe that the accuracy of the analytical results obtained from (12) depends on the values of M and its higher values lead to better accuracy at the expense of increasing computational load. However, for the optimal value of N that achieves a minimum outage probability, the analytical results of (12) for M = 10 are valid. Also, from Fig. 13 , we can observe that the optimal value of N greatly depends on the instantaneous orientation deviations of UAVs. For instance, the change in σ s , σ r , and σ d from 10 mrad to 30 mrad, will reduce the optimal value of N from 16 to 6.
As demonstrated in Fig. 13 , for UAVs with different degrees of stability (i.e., UAVs with different variance values of orientation fluctuations), the optimal value of N will be different. Moreover, as expected, in addition to the orientation fluctuations, the boresight direction of the antennas (i.e., θ ty and θ ry ) affects the optimal value of N . In particular, as an essential prerequisite to maintain the link alignment between transceivers, the instantaneous positions of UAVs and antenna boresight directions should be accurately estimated through information exchange between them. Therefore, the angular offset, i.e., the difference between the actual value and the estimated value of boresight direction is another parameter for evaluating system performance.
To broaden our understanding of the impact of angular offset on the optimal value of N , in Figs. 14 and 15, the outage probability of a U2U link versus N and σ ty is shown for two different angular offsets. Without loss of generality, in these simulations, σ ty and σ ry are assumed to be equal. Note that, transceivers which employ an antenna array with a high gain and narrow beam width are more vulnerable to the instantaneous orientation deviations of UAVs. Therefore, to increase the robustness of the system when the instantaneous orientation deviations are large, it is necessary to employ an antenna pattern with large beam width. Meanwhile, the angular offset adversely affects the performance of the system as well as required number of N to achieve target outage probability. On the other hand, when the transmit pattern experiences large AoD and AoA fluctuations, i.e., at large values of σ ty and σ ry , increasing number of antenna elements leads to a narrower transmit beam and, in turn, an increase in the beam misalignment. Hence, a floor can be noticed for the outage probability. Finally, to confirm the accuracy of our derived analytical expressions, in Tables II-IV, Tables II and III show the results for the U2U link and the U2U2U link, respectively. Also, the results with taking different values of angular offset into accounts are provided in Table IV. For instance, from this  table, by increasing the angular offset from 5 to 20 mrad, the optimal N decreases from 17 to 12 for SNR = 20 dB, and from 15 to 11 for SNR = 30 dB, respectively. As we observe from Tables II-IV, the optimal value of antenna elements, N opt , depends on both the angular offset and the variance of angular deviations. Since these two parameters may change during the aerial operation of a hovering UAV, the mounted ULA must be designed for the largest number of antenna (e.g., N = 18 in our setup). Accordingly, under different conditions, only N opt of them are active to bring a reliable energy-efficient airborne system with long endurance. Meanwhile, the results of these tables confirm the accuracy of the proposed analytical expressions that makes it easy to study and design such UAVbased mmWave communication links.
V. CONCLUSION
In this paper, we have studied the problem of integrating mmWave frequencies on UAVs for providing wireless connectivity. Accordingly, we have considered three UAV-based mmWave communication links, namely U2U link, U2U2U link, and G2U2G link for which we have derived accurate and computationally efficient channel models. Our simulation results have demonstrated that, unlike ground communication links, in the hovering UAV-based communication systems, the degree of stability of the mounted antennas on the transceivers has a considerable impact on the performance of the system and increasing antenna directivity gain does not necessarily improve the system performance. Hence, in the presence of hovering fluctuations, optimizing antenna radiation pattern plays a key role in such systems. Our analytical results have made it possible to find the optimal antenna directivity gain for designing a reliable UAV-based mmWave communication link under different levels of stability of UAVs without resorting to time-consuming simulations.
